We describe a novel illusion produced by the scintillating grid. Under specific conditions, a light disk presented at an intersection of black squares is undetectable. We term this disappearance ''blanking;'' conditions yielding the blanking phenomenon were examined. Results indicate the light disk must be presented peripherally, surrounded by at least four black squares for effective blanking to occur. Additionally, the grid and disk must be presented simultaneously. Dark disks presented in the same configuration remained visible. The blanking phenomenon is a unique form of visual disappearance, not dependent on adaptation, motion, or masking.
Introduction
Psychophysical examination of visual illusions has long been a popular noninvasive technique used to elucidate the structure and function of the visual system. One illusion, the scintillating grid (Schrauf, Lingelbach, & Wist, 1997) , has recently received attention. The scintillating grid consists of black squares on a medium gray background, arranged such that the black squares delineate a set of intersecting orthogonal gray ''alleys.'' A white disk with a diameter approximately equal to the width of the alleys is centered at each intersection. This stimulus elicits a striking percept that observers report as the transient appearance of sharp black spots at the centers of the white disks (scintillation).
Here, we report a new and intriguing illusion produced by the scintillating grid. With the standard scintillating grid, disks relatively far from fixation completely vanish, as if in a scotoma. To explore this phenomenon and create a stimulus more suitable for testing, the standard scintillating grid was modified. A single light disk was presented in an intersection of black squares on a gray background; when this stimulus was relatively far from fixation (approximately 20°), it vanished. We termed this disappearance ''blanking.'' The blanking phenomenon can be observed in Fig. 1 by fixating on the lower grid. When fixation is appropriately distant, the light disks in the upper grid disappear (if the grid is scanned foveally, the white disks appear to scintillate). On the other hand, when fixating on the upper grid, the dark disks in the lower grid remain visible. An abstract describing this illusion has been published (McAnany & Levine, 2002) , and a similar extinction illusion was observed by Ninio and Stevens (2000) .
It is of interest to note that the inverse arrangement of white squares surrounding a dark disk can also elicit the blanking phenomenon. Although the phenomenon is present in this arrangement, it is less potent; this decrement in potency has also been observed in the ''reversed contrast'' scintillating grid. Consequently, we elected to omit the opposite contrast arrangement from these studies.
As a first step towards psychophysically elucidating the neurobiological underpinnings of the blanking phenomenon, we examined the conditions under which blanking occurs. We hypothesized that inhibitory mechanisms within the retina may, at least in part, underlie the phenomenon. This explanation also was proposed to account for the mechanisms involved in both the scintillating grid (Schrauf et al., 1997) and the related Hermann grid (Spillman, 1994) . On-center (offsurround) receptive fields centered upon intersections in the periphery receive approximately twice as much inhibition as similar peripheral receptive fields located within alleys alone (Spillman, 1994) . If we assume that perceived brightness increases with increasing on-center stimulation and decreases with increasing off-surround stimulation, receptive fields centered upon intersections should yield greater inhibition than receptive fields located within alleys. An increase in inhibition should increase the threshold for light disks and decrease threshold for dark disks. Conversely, off-center (onsurround) receptive fields centered upon intersections in the periphery receive approximately twice as much excitation as similar peripheral receptive fields located within alleys. If we assume that perceived brightness decreases with increasing off-center cell excitation, receptive fields centered upon intersections should yield more excitation (less perceived brightness) than receptive fields centered within horizontal or vertical alleys alone. This increase in off-cell excitation should increase the threshold for light disks and produce scintillation.
To explore the influences of these retinal antagonistic mechanisms, the effect of disk polarity was examined in experiment I. Disks lighter than the background alleygray were defined as positive polarity, while disks darker than the background alley-gray were considered to have negative polarity. If inhibitory mechanisms are responsible for the phenomenon, blanking would be expected with the light disks while the visibility of the dark disks would be enhanced.
In experiment II, the possibility that masking could account for the blanking phenomenon was assessed by presenting the disk and grid asynchronously. If forward or backward masking were involved in the blanking phenomenon, disk threshold would be higher when the grid and disk were presented asynchronously than when presented in synchrony.
Experiment III assessed the importance of spatial pattern repetition with respect to the blanking phenomenon by examining grids with four or fewer squares. It had been hypothesized that a pattern repeating in space (recruiting repeating cortical columns) may be necessary for scintillation to occur (Schrauf et al., 1997) . Similarly, it is of interest to determine whether a spatially repeating pattern is necessary to induce the blanking phenomenon. This raises the question of whether the phenomenon arises from simple local interactions (perhaps retinal) or if more global (cortical) processes are at work. If the effect persists when only a single intersection is present, feature grouping across distance is likely to be of little importance to the phenomenon.
Methods

Subjects
Data with several repetitions of all conditions were obtained from one subject (male, 23 years old); data from the first subject were verified with fewer trials by a second subject (male, 58 years old). The authors served as subjects and each had visual acuity corrected to normal.
Apparatus
A chin and forehead rest supported the subject's head, which was located 32 cm from a computer monitor in a dark room. The subject adapted to the background alley-gray for 30 s at the onset of each block of trials. Then, while fixating on a central target, the subject initiated the stimulus presentation by key-press; the stimulus appeared after a 500 ms delay. To preclude changes in fixation, the stimulus and fixation target were replaced by the background alley-gray 222 ms after its onset. Disappearance of the fixation target cued the subject to respond; the subject indicated his response by key-press, and the fixation target reappeared (Fig. 2 ). There were no time constraints for responding or for initiating the subsequent trial, and no feedback was given. The timing of grid presentation and stimulus duration was confirmed by oscilloscope measurement.
Display luminance was calibrated with a United Detector Technology luminance meter (Model 40A). RGB machine units (the binary digits sent to the guns) Fig. 1 . Demonstration of the blanking phenomenon and stimulus dimensions. Stimuli could appear near (9.40°) or far (20.75°) from fixation. Both arrangements are depicted simultaneously in this schematic, but during a trial only the near or far configuration (4 columns · 2 rows, and a single disk at one of the three intersections) was presented. The stimulus could appear above or below fixation, and the disk could be darker or lighter than the background alley-gray. The disks in this figure have been enlarged slightly to maximize the effect of scintillation; the diameter of the disks used in testing was only slightly larger than the alley width.
were converted to luminance values derived from the best-fit parabolic curve. For comparing light and dark disks, luminance values were expressed as the absolute value of contrast according to the Weber contrast formula:
Stimulus design and display
Stimuli were generated by an IBM Pentium III computer running Windows 98 and displayed on the screen of an EIZO 19 00 FlexScan FXAED7 monitor (1024 · 768 pixels, 85 Hz refresh rate). In all conditions, the background alley-gray was 12.95 cd/m 2 and the black squares were 0.19 cd/m 2 (absolute contrast value of 0.99). The disk luminance ranged from 0.19 to 51.29 cd/m 2 (the maximum absolute value of contrast with the chosen background alley-gray was thus 0.99 for dark disks and 2.96 for light disks). Except as noted, on each trial a disk appeared in one of three possible intersections (left, middle, or right); the subject's task was to determine which intersection contained the disk (3AFC).
Stimuli were presented with equal probability in the upper and lower visual fields (above and below fixation) to discourage inappropriate fixation. Separate sessions provided data on stimuli appearing near to (9.40°) and far from (20.75°) fixation (refer again to Fig. 1 ).
Threshold determination by adaptive fixed-step staircase
Except as noted in experiment III, an adaptive fixedstep staircase (FSS) protocol was used to determine threshold values for the stimuli examined (see Treutwein, 1995 for a review). These FSSs provide rapid and accurate measurements of threshold. Four FSSs with different starting values were interleaved to obtain threshold values of disks appearing above fixation in the upper visual field (UVF) and below fixation in the lower visual field (LVF). The replication of data obtained in each field provided an indication of variability.
Each FSS began with a preliminary search to gain a coarse estimate of the subject's threshold. Upon termination of the preliminary search, a 1 down/2 up rule was initiated (one incorrect answer increased the absolute value of disk contrast; two successive correct responses Each trial began with a background alley-gray screen (in a dark room); a fixation cross was present in the center of the screen. The subject initiated a trial by key-press; after a 500 ms delay the stimulus was presented. (A) (negative delay): a disk appeared in one of 6 locations (3 above fixation, 3 below), joined 56 ms later by a grid of 8 squares. (B) (no delay): the disk and squares appeared simultaneously. (C) (positive delay): the array of 8 squares appeared, joined by the disk either 56 or 112 ms later. In all conditions, the entire pattern and fixation point were replaced by the background alley-gray 222 ms after the first part of the pattern appeared. The subject responded using the left, middle or right keys on the numeric keypad to indicate the left, middle, or right disk position. Depending on the conditions, the disk could be darker or lighter than the background alley-gray, the pattern could be near or far from the fixation point, and squares could be black or background alley-gray (control condition). Only one condition was examined in a session of four interleaved FSSs: 2 UVF, 2 LVF with two different starting values.
to the same stimulus were required to decrease the absolute value of disk contrast). The magnitude of contrast change for incorrect answers was twice that for correct answers. This provides a target estimate of the 82% correct point on the psychometric function (GarciaPerez, 1998).
Step size was limited by the 8-bit per gun hardware available for the production and display of the stimuli, so the smallest step change was 1 unit in the RGB machine metric. Note that the luminance step changes were not quite equivalent across all luminance levels due to a nonlinear gamma function. However, the gamma function was virtually linear in the limited ranges where staircases converged near threshold.
Each FSS was terminated after at least 12 reversals in direction were completed for each of the four FSSs (unless obviously pinned at a limit of the luminance range). The average of the last six reversal values was taken as the threshold for that FSS. Each FSS was plotted and examined to confirm that an asymptote was attained.
Statistical analysis
Unless otherwise noted, statistics are presented for subject 1 only. Although too few repetitions were made with subject 2 to complete a statistical analysis, trends in the data obtained from subject 2 replicate the findings of subject 1 in all conditions. Note that differences in overall threshold precluded the combination of data from subjects 1 and 2. A 2 · 2 · 2 · 2 · 4 ANOVA, encompassing variables in all three experiments, was computed for subject 1. Post-hoc t-tests will be presented in the appropriate sections for subject 1, whose data consist of at least four staircase repetitions per condition.
Experiment I: effect of disk polarity in synchronous presentations
Methods for experiment I
The effect of disk polarity on the blanking phenomenon was assessed by presenting a single disk of either polarity at an intersection; the contrast threshold of the disk was then measured by FSS. In this experiment, a single disk and 4 · 2 grid were presented in synchrony (Fig. 2B) . As a control measure, contrast thresholds of the light and dark disks (positive and negative polarities) were measured in the absence of the grid of black squares. Threshold measurements were obtained for dark and light disks, presented with and without squares, near to and far from fixation, with the UVF and LVF tested in each condition. Fig. 3 are shown for both subjects; for this experiment, a Pearson correlation of 0.98 was found between the subjects. For subject 1, the 2 · 2 · 2 · 2 · 4 ANOVA, encompassing variables in all three experiments, revealed significance, F ð63; 223Þ ¼ 274:38, p < 0:001. As expected, control conditions in which the grid of black squares was not present yielded low contrast thresholds. The contrast threshold for disks presented without squares near to fixation was only slightly less than that of disks presented without squares far from fixation ( Fig. 3A and B, black bars) . Contrast thresholds for the dark and light disks presented in the absence of squares were not significantly different, t ¼ 0:05, p > 0:05 (collapsed across near/far, UVF/ LVF).
Results of experiment I
Data in
When presented on a grid of black squares far from fixation, the absolute value of the contrast threshold for dark disks (negative polarity) was significantly lower than that of the light disks (positive polarity), t ¼ 9:75, p < 0:01 (collapse across UVF/LVF). Light disks presented in this arrangement were not visible at the maximum available contrast. Conversely, dark disks presented far from fixation surrounded by black squares were visible (see Fig. 3C and D, black bars; note scale change from Fig. 3A and B) .
Light disks presented with black squares near to fixation were visible; however, the absolute value of the contrast threshold was considerably higher than for dark disks presented with squares at the same distance from fixation. Thus, the black squares increased the absolute value of the contrast threshold for all conditions, but the squares had a much more dramatic effect on the light disks than the dark.
Experiment II: asynchronous disk and grid onset
Methods for experiment II
To determine whether the blanking phenomenon could be explained by masking, a single disk and 4 · 2 grid were presented asynchronously. For a ''negative'' 56 ms delay, the disk preceded the grid by 56 ms (see Fig. 2A ); ''positive'' delays of either 56 or 112 ms could be introduced between the onset of the grid and the appearance of the disks (Fig. 2C) . Since the termination of the grid and disk was always simultaneous, positive delays of 56 and 112 ms resulted in disk presentation durations of 166 and 110 ms, respectively. The negative 56 ms delay condition did not affect the disk duration; however, the squares were only present for 166 ms.
Threshold was also recorded for disks presented in the absence of the grid of black squares following the delay time courses. These additional control conditions assessed the effect of the reduced temporal exposure of the disk. In the control conditions, the negative 56 ms delay and the no delay conditions are identical and were therefore combined.
Results of experiment II
Within each subject, no consistent differences were observed among the delay arrangements in the control conditions ( Fig. 3A and B) . Compared to the nondelayed condition, introducing a 112 ms delay between the onset of the black squares and the disks reduced the contrast threshold for disks in all conditions ( Fig. 3C and D) . As a result of the reduced thresholds, light disks delayed by 112 ms were visible in the presence of squares, even in the far visual field. In general, results of the positive 56 ms delay conditions tended to fall between those of the 112 ms delay and the synchronous presentations.
Negative delays (disks preceded squares by 56 ms) dramatically lowered contrast thresholds, nearly to the levels of control presentations without squares. In sum, negative delay conditions (backward masking) and positive delay conditions (forward masking) disrupted the blanking phenomenon and decreased disk contrast threshold.
Further results of experiments I and II: upper versus lower visual field
To compare the contrast thresholds of the light and dark disks appearing in the UVF and LVF, contrast The left column represents data from subject 1 and the right column represents data from subject 2. Data are an average of eight FSSs for subject 1 and four for subject 2. Data obtained from the UVF and LVF were averaged. Each group of bars represents one condition, as indicated by the label below the group. Error bars indicate 95% confidence intervals for subject 1, but were omitted for subject 2 due to the smaller number of repetitions. Control conditions without squares appear in (A) for subject 1 and (B) for subject 2. Test conditions with squares appear in (C) for subject 1 and (D) for subject 2. In the control conditions (A and B) the )56 ms delay condition was averaged with the no delay condition; these control conditions are identical. The leftmost bar in each group (striped) represents negative delay (disks precede squares by 56 ms); the next bar (black) represents no delay. The stippled bar (2nd from right) represents the 56 ms delay, and the white (rightmost bar) represents 112 ms delay. Thresholds of light disks presented simultaneously with squares far from fixation (black bar in the rightmost group in C), is limited by the maximum luminance available. Note expanded scale in A and B. The heavy dashed lines indicate the subjects' mean control contrast thresholds.
threshold was averaged across all delay and near/far conditions. Fig. 4A and B shows that control arrangements yielded similar thresholds for the UVF and LVF. Within subjects, there were no consistent differences, although a similar pattern seemed to emerge between subjects. Data from test conditions with squares are presented in Fig. 4C and D. For subject 1, a significant difference was observed between stimuli presented above and below fixation in the presence of squares, t ¼ 4:91, p < 0:01. For subject 2, the same trend is present, but not as salient. Since negative delay conditions yielded contrast threshold values similar to control conditions, they were not included in the computation of this t value.
When black squares were present, the contrast thresholds of light disks presented far from fixation were significantly lower in the LVF than in the UVF, t ¼ 2:50, p < 0:05 (collapsed across all delay conditions, excluding negative delay). This trend is also present for subject 2. The mean contrast threshold of light disks appearing in the UVF was 2.96 and LVF was 2.47 (collapsed across delay and near/far). Note that a ceiling effect was observed when the light disks appeared far from fixation in the presence of squares in the UVF; the contrast threshold value would be even larger if a larger contrast were available. In the presence of black squares, dark disks showed a smaller disparity between the contrast thresholds of the UVF and LVF as compared to the light disks. The mean contrast thresholds of the dark disks appearing in the UVF and LVF were 0.55 and 0.48, respectively (collapsed across delay and near/ far).
6. Experiment III: grids with four or fewer squares 6.1. Methods for experiment III Experiment III examined the effect on disk contrast threshold of a stimulus that consisted of four or fewer Fig. 4 . Mean absolute values of the contrast thresholds as a function of visual field. The left column represents data from subject 1 and the right column represents data from subject 2. Bars represent thresholds averaged across all delay conditions; error bars indicate 95% confidence intervals for subject 1; they were omitted for subject 2 due to the small number of repetitions. Stippled bars represent disks appearing in the LVF while the black bars represent disks in the UVF. Control conditions (disk presented in the absence of squares) for subject 1 appears in (A) and subject 2 appears in (B). Disks presented with black squares for subject 1 appears in (C) and subject 2 appears in (D). Note expanded scale in A and B. The heavy dashed lines indicate the subjects' mean control contrast thresholds.
squares. Several permutations were examined; see Fig. 5 for a representation of the reduced stimuli used. In these experiments, the grid and disk were presented synchronously in all arrangements.
With stimuli that were 2 · 2 or less complex, so that only one position was available for the disk, the subject responded ''yes'' if he believed the disk was present or ''no'' if it was absent from the intersection (Fig. 5, A-E) . The disk was present on approximately 50% of the trials. As in the FSS paradigm, the subject entered his response and began the next trial with the appropriate key-press. Signal detection theory was employed for analysis of these conditions. False alarms and hits were calculated and transformed into z-scores; detectability ðd 0 Þ was then calculated from these transformed values. The adaptive FSS paradigm described above was used to determine threshold for the reduced 3AFC stimuli (Fig.  5, F-I ).
Results of experiment III
For both subjects, the detectability of the light disks was negatively correlated with the number of black squares present (Subject 1, r ¼ À0:93, Subject 2, r ¼ À0:91). Conditions in which only one black square was present yielded d 0 values only slightly lower than those of control conditions. Although detectability was lower, light disks were visible in arrangements containing two or three squares. However, the ability to detect a light disk surrounded by four squares presented far from fixation was at chance levels (the blanking phenomenon was present, see Table 1 ). For subject 2, detection of a disk presented with a single square was perfect (100% correct responses, so d 0 could not be calculated). Dark disks were also presented with grids consisting of four or fewer squares. Results indicated that the blanking phenomenon was absent for dark disks surrounded by reduced grids; detectability was high. The findings of high detectability in these reduced grid stimuli confirm the observation of low contrast threshold in the more complex dark disk stimuli. Detectability ðd 0 Þ of the reduced grid stimuli. Mean detectability values for each subject are given for light disks presented far from fixation in the presence of the number of squares indicated by row one. The UVF and LVF have been averaged. For subject 2, the missing cell value indicates that 100% of the responses were correct.
Discussion
Blanking is a complex phenomenon that occurs only under specific conditions. Data from experiment I indicate that a light disk presented sufficiently far from fixation is not perceived when surrounded by a grid of black squares (even at the maximum available contrast of 2.96). A dark disk presented in this arrangement remains visible (at an absolute contrast value of 0.44). This indicates that the blanking phenomenon cannot be attributed to inattention, inappropriate fixation, or simple confusion resulting from the complex background.
The absolute value of contrast threshold of the dark disks surrounded by black squares was higher than that of the dark disks presented alone. The increased threshold for dark disks when squares were present might be explained by a reduction in overall effective contrast due to the presence of black squares in the vicinity of the disks. To test whether the increased dark disk threshold could be attributed to a reduced effective contrast, a gaussian curve was centered at an intersection to represent the spatial integration over that intersection. The standard deviation of the gaussian was found that made the effective contrasts at threshold equal for disks presented with and without squares. A ratio of 5:13 ðlog ¼ À0:41Þ was found between the standard deviations of the gaussians required for disks presented near and far from fixation. This value is comparable to the average published estimates of the ratios of receptive field sizes for the appropriate eccentricities (log ¼ À0:35; Croner & Kaplan, 1995; Raninen & Rovamo, 1987) . Although this exercise confirms that the increased threshold for dark disks surrounded by black squares (compared to dark disks alone) might be accounted for by lower effective contrast resulting from integration over the intersection, other explanations cannot be ruled out.
Note that if only effective contrast affected threshold, black squares surrounding a light disk should increase the effective contrast, resulting in a threshold reduction. However, light disks presented in this configuration have a much higher contrast threshold than control conditions. Thus, a change in effective contrast cannot account for the blanking phenomenon; another process must be present.
Experiment II examined the effects of asynchronous grid and disk presentation. Introducing a delay between the onset of the grid and disk, either positive or negative, lowers the contrast threshold for all conditions. This decrease may be present with a 56 ms delay, and is clear at 112 ms. Other researchers have found that forward and backward masking reach their maxima in approximately 50 ms (Averbach & Coriell, 1961; Weisstein & Haber, 1965) . If the blanking phenomenon were dependent on masking, threshold should be higher in the 56 ms delay arrangement than in the synchronous arrangement. However, the results of experiment II indicate a small threshold decrease with the positive 56 ms delay and a larger threshold decrease in the 112 ms delay condition (as compared to synchronous presentations). For these reasons, the blanking phenomenon is not likely to be attributable to forward or backward masking.
Experiments I and II indicated a lower contrast threshold for disks appearing with black squares in the LVF. This finding implies that the blanking phenomenon is stronger in the UVF. It is unlikely, for several reasons, that the observed differences between the UVF and LVF are a result of inappropriate fixation, or a tendency to focus attention on the LVF. First, since stimuli were presented with equal probability in the UVF and LVF, proper fixation maximized correct responses. Second, there is a continuum of disparities between thresholds in the UVF and LVF. It would be unlikely to find such gradation (from no difference in control conditions to moderate differences for dark disks, and larger differences for light disks) if the subjects simply preferred the LFV. Finally, a UVF/ LVF disparity confirms the findings of other investigators. Bonneh, Cooperman, and Sagi (2001) reported an increase in the efficacy of motion-induced blindness in the UVF. This result is also consistent with enhanced attentional resolution reported for the LVF (He, Cavanagh, & Intriligator, 1996) . As the difficulty of detecting the disk increased (as indicated by a higher absolute value of contrast threshold), the disparity in threshold between the UVF and LVF also increased. However, arrangements yielding the highest thresholds were the conditions in which blanking was present; thus, the UVF/ LVF threshold differences could be attributed either to blanking per se or a general increase in difficulty.
Experiment III examined the effects of reducing the number of squares on the blanking phenomenon. Light disks were visible when presented far from fixation in the presence of fewer than four black squares, although detectability was lower than control conditions lacking squares. A single black square was capable of decreasing detectability; as the number of squares increased, the detectability decreased. With four squares present, potent blanking occurred. Thus, it can be concluded that a large repeating grid is not necessary for the blanking phenomenon to occur. This finding implies that blanking could be generated, at least in part, by local interactions, and global cortical processing does not seem to be compulsory for the effect to occur.
As the blanking phenomenon is observed in very brief presentations, it is unlikely to be attributable to adaptation. The phenomenon develops immediately and persists for as long as fixation is appropriately maintained. In contradistinction to motion-induced blindness, the blanking phenomenon occurs with stimuli that remain stationary. Moderate horizontal and vertical eye movements do not disrupt the effect, provided that they remain appropriately far from fixation (this can be verified with Fig. 1 ). For these reasons, the blanking phenomenon can be considered a unique form of visual disappearance that is not dependent on masking, adaptation, or motion.
